Background/Aims: Schlafen12 (SLFN12) promotes human intestinal and prostatic epithelial differentiation. We sought to determine whether SLFN12 reduces triple-negative breast cancer (TNBC) aggressiveness. Methods: We validated bioinformatics analyses of publicly available databases by staining human TNBC. After virally overexpressing or siRNAreducing SLFN12 in TNBC cell lines, we measured proliferation by CCK-8 assay, invasion into basement-membrane-coated pores, mRNA by q-RT-PCR and protein by Western blotting. Flow cytometry assessed proliferation and stem cell marker expression, and sorted CD44+/ CD24-cells. Stemness was also assessed by mammosphere formation, and translation by click-it-AHA chemistry. Results: SLFN12 expression was lower in TNBC tumors and correlated with survival. SLFN12 overexpression reduced TNBC MDA-MB-231, BT549, and Hs578T proliferation. In MDA-MB-231 cells, AdSLFN12 reduced invasion, promoted cell cycle arrest, increased E-cadherin promoter activity, mRNA, and protein, and reduced vimentin expression and protein. SLFN12 knockdown increased vimentin. AdSLFN12 reduced the proportion of MDA-MB-231 CD44 + CD24cells, with parallel differentiation changes. SLFN12 overexpression reduced MDA-MB-231 mammosphere formation. SLFN12 overexpression decreased ZEB1 and Slug protein despite increased ZEB1 and Slug mRNA in all three lines. SLFN12 overexpression accelerated MDA-MB-231 ZEB1 proteasomal degradation and slowed ZEB1 translation. SLFN12 knockdown increased ZEB1 protein. Coexpressing ZEB1 attenuated the SLFN12 effect on E-cadherin mRNA and proliferation in all three lines. Conclusion: SLFN12 may reduce TNBC aggressiveness and improve survival in part by a post-transcriptional decrease in ZEB1 that promotes TNBC cancer stem cell differentiation.
the medium was changed, and cells were harvested at 72 or 96 hours.
For lentivirus studies, 500ul viral HEK-239T supernatant was added to 70-80% confluent cells with 1.5ml Opti-MEM medium containing 1.5ul polybrene transfection reagent (Millipore-Sigma, Burlington, MA, #TR-1003-G) at 10ug/ml. Two days later, media was replaced with fresh DMEM media with 10% fetal bovine serum and 10µM Blasticidin-s HCL (Gibco, Waltham, MA, #A11139-03) and cells were cultured for three weeks for selection.
For siRNA studies, 300, 000 cells/well were plated into six-well plates before transfection with non-targeting siNT5 (100nM) (Dharmacon, D-001210-05- 20) or SMARTpool siSLFN12 (100nM) (Dharmacon, L-018142-02-0020) using Lipofectamine RNAiMAX (Thermo Fisher, Waltham, MA, #13778150) transfection reagent (7.5ul/well) formulated in Opti-MEM medium. The mixture was added gradually into 1 ml of complete medium/well. Medium was changed after eight hours and experiments terminated after 72 hours.
Cell Viability
Cell viability was assayed using the cell-counting-kit-8 (CCK-8), (Dojindo Molecular Technology, Rockville, MD). Cells were seeded in 96-well plates at 3000 cells/well (for MDA-MB-231 cells) or at 5000 cells/well for BT549, and Hs578T cells. After 24 hours, cells were infected with adenoviral vectors at 4000 particles/cell (MDA-MB-231 and Hs578T) or 1000 particles/cell (BT549). Absorbance was measured at 450nm with a Biotek Epoch spectrophotometer (Winooski, VT).
Cell Invasion
MDA-MB-231 cells were seeded in 6-well plates at 200, 000 cells/well overnight, infected with 4000 particles/cell AdSLFN12 or control AdCMV and trypsinized and counted after 64 hours. 300, 000 cells were seeded into invasion inserts from Cell Biolab (# CBA-110). Inserts were incubated for 8 hours and processed per manufacturer's protocol. The optical density of extracted inserts was read at 560nM using a Biotek Epoch spectrophotometer.
Mammosphere assay 10, 000 cells/well were seeded into ultra-low adherent six-well plates (Corning, #27145) with 2ml of MammoCult Human Medium Kit (STEMCELL Technologies, Cambridge, MA, #05620) and photographed after seven days with an Evos-FL cell imaging microscope (Thermo Fisher) at 40x. The four corners and center of each well were imaged and processed through ImageJ (NIH) to calculate mammosphere size. Mammospheres <40µm in diameter were excluded per published protocols [23] . 
Flow Cytometry
Flow cytometry was acquired on a BD Symphony flow cytometer or a FACSAria cell sorter (BD, San Jose, CA) and analyzed with FlowJo software (TreeStar, Ashland OR).
Cell Proliferation 6-10x10 6 cells were incubated with 1ml PBS with 5µM Tag-IT violet dye (BioLegend, #425101) for 30 minutes at room temperature. The reaction was terminated by adding 5 ml of DMEM with 10% FBS. Cells were centrifuged, resuspended in fresh DMEM, and seeded into six-well plates at 200, 000 cells/well for one day before infection with AdSLFN12 or control AdCMV. Twenty-four hours later, the medium was changed. Seventy-two hours after infection, cells were trypsinized and resuspended in 600µl FACS buffer (PBS+5%FBS).
Cell cycle
Cells were serum-starved overnight and infected with AdSLFN12 or AdCMV. After 72 hours, cells were trypsinized and incubated for 30 minutes in the dark with 5µM Vybrant dye cycler (Thermo Fisher, #V35003).
CD44/CD24 labeling
Cells were seeded into 6-well plates at 200, 000 cells/well. After 24 hours, cells were infected with AdSLFN12 or AdCMV (4000 particles/cell). Ninety-six hours after infection, cells were trypsinized, PBSwashed, pretreated with Trustain FcX FC-blocker (Biolegend, #422302) at 1:25 dilution for 5 minutes on ice, washed with FACS buffer (PBS+5%FBS), and labeled with Human FITC-conjugated anti-CD44 and Human PE conjugated CD24 or Human APC-conjugated CD24 at 4°C for 30 minutes in the dark followed by washing with FACS buffer.
Cell sorting
Cells were blocked with FC-blocker (Trustain FcX, Biolegend) at 1:25 dilution for 5 minutes on ice and labeled with FITC conjugated-human CD44 and APC conjugated-human CD24 for 30 minutes at 4 C°. Purity sort of CD44 + CD24cells was performed using the BD FACSAria IIu into DMEM with 20% FBS. Cells were seeded into 6-well plates at 200, 000 cells/well. After 48 hours, AdSLFN12 or AdCMV was added (4000 particles/cell). 96 hours later, cells were processed for CD44 and CD24 labeling as above and cell cycle analysis with FxCycle PI/RNase (Thermo Fisher, #F10797).
Immunoblotting
Western blotting was as previously [16] except that 8% SDS-PAGE and 1.25 hour transfer were used for Slug and Snail. Primary antibodies were: rabbit antibodies to Schlafen12 (monoclonal), ZEB1, vimentin, Slug, and beta-actin, and mouse antibodies to E-cadherin, Snail, GAPDH monoclonal. Membranes were incubated with species-specific IRDye-secondary antibodies 800CW and 680RD (LI-COR), imaged using a LI-COR Odyssey CLx, and analyzed using image studio software (LI-COR).
qPCR
RNA was isolated and PCR performed as described previously [16] . Expression was calculated from threshold cycle (Ct) values by 2 -∆∆Ct using RPLP0/HPRT as reference genes.
Promoter Luciferase Assay
One day after seeding 300, 000 cells/well, cells were transduced using Lipofectamine3000 (Thermo Fisher, #L3000015) per manufacturer's protocols with 2000ng/well of E-cadherin promotor proE-cad670-Luc vector (Addgene, #42083) and 400ng/well of pNL1.1.TK[Nluc/TK] vector (Promega, #N1501).
Seventy-two hours later, cells were lysed using Glo lysis buffer (Promega, #E2661) and 100µl of lysate was loaded into 96 well plates in triplicate. Luciferase activity was measured normalized to Nluc/ TK luciferase activity using Nano-Glo Dual-Luciferase Reporter Assay System (Promega, #N1610) per manufacturer's protocol, using a Biotek microplate reader FLX800 (Winooski, VT).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry 
ZEB1 translation
One day after seeding 300, 000 cells/well, cells were infected with AdSLFN12 or AdCMV. Sixty hours later, the medium was replaced with methionine-free medium (Thermo Fisher, #21013024) for two hours. Cells were incubated with 50µM L-Azidohomoalanine (AHA) (Clickchemistrytools, Scottsdale, AZ, #1066-25) for 8 hours and lysed in NP-40 lysis buffer (Thermo Fisher, #FNN0021) with 1%SDS. AHA was detected using click chemistry with 50µM Biotin Alkyne (Clickchemistrytools, #1266-5) with Click-&-Go™ Protein Reaction Buffer Kit (Clickchemistrytools, #1262) per manufacturer's protocol. After click chemistry, ZEB1 was immunoprecipitated using rabbit anti-ZEB1 and protein-A magnetic beads (Bio-Rad Laboratories, #161-4013). Proteins were resolved by 10% SDS-PAGE, transferred to 0.45µm nitrocellulose membrane, and blocked with Odyssey blocking buffer (LI-COR, Lincoln, NE, #927-50010). Biotin was labeled with IRDye 800CW Streptavidin per manufacturer's protocol (LI-COR, #926-32230) and ZEB1 was labeled with IRDye 680LT Donkey anti-Rabbit IgG Secondary Antibody. Images were acquired using a LI-COR-Clx and analyzed using Image Studio (LI-COR).
Immunohistochemistry 10µm paraffin sections of de-identified human TNBC tissues from the IRB-approved archival repository of the Department of Pathology of the University of North Dakota, were labeled with polyclonal rabbit anti-schlafen12 at 1:200 and stained with a Bondmax stainer (Leica, Germany) using program Mod F, AR1 20, and a BOND Polymer Refine detection kit (Leica, #DS9800). Images were acquired with a Zeiss Axioskop microscope (Germany) using 200x magnification.
Statistical Analysis
Data are expressed as mean ± SEM and analyzed using GraphPad prism v8 via Student t test with Bonferroni correction when needed unless stated otherwise. All experiments were repeated at least three times within the assay linear range.
Results

Schlafen12 correlates with better survival in TNBC
In publicly available datasets [24] of gene expression profiles of TNBC patients, higher SLFN12 expression correlated with recurrence-free survival (RFS) (Hazard ration=0.49, n=255, p<0.001) ( Fig. 1A) . In contrast, expression of other human Schlafens (SLFN5, 11, and 13) did not correlate with survival in TNBC from the same dataset (not shown). Interestingly, SLFN12 did not correlate with survival in patients with breast cancers expressing estrogen and progesterone receptors in the same dataset (Hazard ration=0.78, n=559, p=0.19) ( Fig. 1B) . Analyzing a second dataset from TCGA demonstrated that higher SLFN12 mRNA expression correlated with favorable Scarff Bloom and Richardson grade ( Fig. 1C ) and favorable Nottingham Prognostic Index (Fig. 1D ) [25] . Indeed, a third dataset of RNAseq data of breast cancer tissue samples [26] demonstrated reduced mRNA expression of SLFN12 in breast adenocarcinoma and invasive breast lobular carcinoma vs. both normal and adjacent stroma ( Fig. 1E ) while we observed reduced SLFN12 protein immunoreactivity in malignant vs. benign adjacent mammary tissue in our own samples ( Fig. 1F ).
Schlafen12 overexpression reduces MDA-MB-231 proliferation and invasion
To explore the potential mechanism of the effect of high SLFN12 expression on TNBC, we studied the well characterized and highly aggressive and invasive MDA-MB-231, in addition to BT549, and Hs578T as TNBC models. MCF-7 cells modeled estrogen/progesterone receptor positive breast cancer. Exogenous SLFN12 expression ( Supplementary Fig. 1 -for all supplemental material see www.cellphysiolbiochem.com) using an adenoviral vector (AdSLFN12) slowed MDA-MB-231 proliferation vs. cells infected with empty vector (AdCMV) as a control (6.14±0.73 fold vs. 9.05±0.81 fold) ( Fig. 2A) . The anti-proliferative effect of SLFN12 was replicated in two in BT549 and Hs578T cells ( Fig. 2A) . In contrast, SLFN12 overexpression did not inhibit ER + PR + MCF-7 proliferation (Fig. 2B ).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry To confirm that the reduction in MDA-MB-231 number reflected slower proliferation, we analyzed MDA-MB-231 proliferation by flow cytometry using a Tag-IT Violet intracellular protein binding dye assay. AdSLFN12 reduced the fraction of proliferating MDA-MB-231 cells vs. cells infected with AdCMV (44.9±2.3% vs. 89.1±0.6%) 72 hours after AdSLFN12 or AdCMV infection (Fig. 2C ).
This reduction of proliferation in MDA-MB-231 cells by SLFN12 was associated with a substantial increase in the fraction of SLFN12 overexpressing cells in G0/G1 phase vs. control cells infected with AdCMV alone (42.3±6.1% vs. 17.1±6.7%, Fig. 2D ).
Exogenous SLFN12 also significantly reduced the fraction of invasive MDA-MB-231 cells vs. cells infected with AdCMV (69.76±3.7% vs. 100±12.45%) ( Fig. 2E ).
Schlafen12 induces differentiation of MDA-MB-231 cells
We next asked whether Schlafen12 can induce MDA-MB-231 differentiation. AdSLFN12 substantially increased the mRNA and protein of the epithelial marker E-cadherin ( Fig.  3A, B ), as well as E-cadherin promotor activity ( Fig. 3C ). Moreover, AdSLFN12 reduced the mesenchymal marker vimentin at both mRNA and protein levels (Fig. 3A, B) . AdSLFN12 also increased mRNA levels of the epithelial luminal marker cytokeratin-18 (CK18) (Fig.  3D ). Knockdown of SLFN12 using siRNA ( Supplementary Fig. 2 ) increased vimentin mRNA and protein (Fig. 3E, 3F ). Stable SLFN12-overexpressing MDA-MB-231 subclones showed increased E-cadherin and decreased vimentin mRNA ( Fig. 3G ). 
Schlafen12 reduces breast cancer stem cell phenotype of MDA-MB-231 cells
Since SLFN12 induced MDA-MB-231 differentiation by reducing vimentin and increasing E-cadherin, since vimentin contributes to breast cancer stem cell biology in MDA-MB-231 cells and attenuating vimentin reduces stem cell features [27] , and since SLFN12 reduced MDA-MB-231 proliferation and invasion which are both features of breast cancer stem cells, we hypothesized that AdSLFN12 would change the breast cancer stem cell proportion in an MDA-MB-231 population. We classified CD44 + CD24cells as breast cancer stem cells (BCSCs) and the remaining phenotypes (CD44 + CD24 + , CD44 -CD24 -, CD44 -CD24 -) as non-BCSCs or differentiated cells [28] . AdSLFN12 reduced the proportion of CD44 + CD24cells vs. control cells infected with the empty vector AdCMV (38.66±2.5% vs. 56.73±2.11%) ( Fig. 4A ).
Conversely, AdSLFN12 increased the proportion of the luminal more differentiated CD44 -CD24 + phenotype (18.66±1.35% vs. 1.09±0.13%) (Fig. 4A) . In contrast, AdSLFN12 did not change CD44 or CD24 in ER + PR + MCF-7 cells ( Supplementary Fig. 3 ). Parallel studies showed that AdSLFN12 reduced CD44 mRNA and increased CD24 mRNA (Fig. 4B ). AdSLFN12 also reduced mRNA levels of CD49F and SSEA4 (Fig. 4C ), which are also correlated with chemoresistance and stemness in TNBC [29, 30] . Moreover, SLFN12-overexpressing MDA-MB-231 subclones displayed reduced mammosphere formation efficiency (0.03±0.003% vs. 0.07±0.008%) ( Fig. 4D ) and developed smaller mammospheres (77.69±4.51 µm vs.151.90±7.51 µm) ( Fig. 4E, F) .
Since MDA-MB-231 cells are a heterogeneous population of differentiated and BCSCs, we asked whether SLFN12 affects BSCS directly. We FACs-sorted CD44 + CD24 -BCSCs and overexpressed SLFN12 using AdSLFN12. AdSLFN12 altered the phenotypic expression of CD44 and CD24, reducing the CD44 + CD24 -BCSC population (37.81±9.58% to 92.57±1.78%) and increasing the differentiated breast cancer stem cell population (52.90±6.95% to 2.84±0.31%) vs. sorted CD44 + CD24cells treated with AdCMV only (Fig. 4G) . AdSLFN12 changed the cell cycle distribution of the sorted CD44 + CD24cells vs. AdCMV control with most cells shifted to subG0 phase (44.04±2.78% vs. 3.58±0.67%) ( Fig. 4H ).
Schlafen12 reduces ZEB1 Protein
Since epithelial genes including E-cadherin are silenced in MDA-MB-231 through EMT transcription factors [31, 32] , we asked whether SLFN12 affects such factors. AdSLFN12 increased mRNA for Snail by 260%, Slug by 64%, and ZEB1 by 81%. ZEB2 mRNA only increased by 18%, which was not significant (Fig. 5A) . In contrast to the mRNA results, SLFN12 reduced ZEB1 protein by 49% and Slug by 41% while increasing Snail by 67% ( Fig.  5B, C) . Since ZEB1 is a master regulator of EMT and TNBC aggressiveness [33] we focused on ZEB1 to further study how SLFN12 might modulate transcription factor protein disparately from mRNA. While AdSLFN12 decreased ZEB1 protein, knockdown of SLFN12 in MDA-MB-231 cells ( Supplementary Fig. 2 ) increased ZEB1 protein by 32% ( Fig. 5D , E, F). To confirm that the SLFN12 effect on ZEB1 was not idiosyncratic to a single cell line, we exogenously expressed SLFN12 in BT549 and Hs578T cells. SLFN12 overexpression (Fig.  5G ) reduced BT549 and Hs578T ZEB1 protein (Fig. 5H, I) similarly to MDA-MB-231 effects.
Schlafen12 inhibits the ZEB1 axis
To explore whether SLFN12 reduction in ZEB1 protein contributes to SLFN12 effects on differentiation, we co-expressed ZEB1 and SLFN12 in MDA-MB-231 cells. Co-expressing ZEB1 with SLFN12 ( Fig. 6A ) attenuated the effect of SLFN12 on E-cadherin mRNA to 79% of control normalized to AdCMV vs. AdSLFN12 alone (231% of control, normalized to AdCMV) ( Fig. 6B ), suggesting that SLFN12 induces E-cadherin expression at least in part by reducing (Fig. 6C ), suggesting that SLFN12 inhibits TNBC proliferation at least in part through modulating ZEB1 protein.
SLFN12 reduces ZEB1 protein translation
Since SLFN12 exogenous expression reduced ZEB1 protein but increased ZEB1 mRNA, we hypothesized that SLFN12 regulates ZEB1 post-transcriptionally. We first measured the effect of SLFN12 on ZEB1 protein decay. We blocked MDA-MB-231 cells protein synthesis with cycloheximide, and measured ZEB1 protein over 0-24 hours. AdSLFN12 reduced the ZEB1 protein half-life vs. infection with AdCMV (17.93±3.92 hr. vs. 40.25±10.91 hr.) (Fig. 6D,  E) . This suggests that SLFN12 regulates ZEB1 protein stability at least in part by modulating the rate of ZEB1 protein degradation.
To further evaluate whether SLFN12 influences ZEB1 proteasomal degradation, we blocked the proteasome with MG132. Treatment with 10µm of MG132 for twelve hours reduced ZEB1 protein in the presence of AdSLFN12 to 6% of AdCMV controls vs. cells exposed to DMSO alone (71% of AdCMV controls, Fig. 6F ). However, this increase was not comparable to the MG132 effect on ZEB1 in AdCMV controls which increased by 151% vs DMSO-AdCMV Supplementary Fig. 4 ). Thus, proteasomal inhibition attenuated the SLFN12 effect on ZEB1 protein but did not completely block SLFN12 reduction of ZEB1 protein, suggesting that SLFN12 regulates ZEB1 by another post-transcriptional mechanism in addition to proteasomal degradation. Chloroquine failed to attenuate SLFN12 reduction of ZEB1 protein, indicating that SLFN12 does not regulate ZEB1 through autophagy-lysosomal degradation pathway ( Supplementary Fig. 4 ). Therefore, we asked whether SLFN12 alters the translation of ZEB1. Metabolic labeling demonstrated that SLFN12 overexpression reduced ZEB1 protein translation by 38% (Fig. 6G) . Taken together, these findings suggest that SLFN12 regulates ZEB1 post-transcriptionally at both the levels of translation and proteasomal degradation, reducing ZEB1 protein but not ZEB1 mRNA. 
Discussion
The molecular pathways driving the aggressive biology of TNBC are not fully understood; therefore, no targeted therapy is available. TNBC are enriched with CD44 + CD24breast cancer stem cells that drive TNBC aggressiveness and chemoresistance [4, 5, 34] . SLFN12 expression appears to be a prognostic marker for TNBC. Moreover, although extrapolation from cell lines to in vivo biology can be challenging, our results suggest that SLFN12 reduces TNBC proliferation and invasiveness while increasing differentiation of TNBC cell populations. This appears to occur at least in part by the ability of SLFN12 to induce the differentiation of breast cancer stem cells (BCSCs) and by modulating protein levels of transcription factors such as ZEB1 via effects on both translation and proteasomal degradation.
Exogenous SLFN12 slowed proliferation and reduced invasion in TNBC cell lines. Although other human Schlafens (SLFN5, SLFN11, and SLFN13) reduce cancer cell proliferation [35] [36] [37] , these are all long family Schlafens that localize to the nucleus and possess a helicase-like domain with the DNA-binding ability. In contrast, SLFN12 is an intermediate family Schlafen that lacks a nuclear targeting sequence or the helicase-like domain and localizes to the cytoplasm [38] with no reports of direct binding to DNA. This makes the anti-proliferative effect of SLFN12 mechanistically distinct from other human SLFN proteins. We previously reported that SLFN12 slows LNCaP and PC-3 prostate cancer proliferation [13] by an uncertain mechanism, but this is not true of all cells since exogenous SLFN12 did not reduce proliferation of MCF-7 (which are ER/PR+ breast cancer cells), suggesting a specific anti-proliferative effect of SLFN12 in TNBC. These results are consistent with our survival analysis that SLFN12 expression correlates with survival in TNBC but not in patients with PR+/ER+ breast cancer.
Our results raise the possibility that SLFN12 may act in TNBC both by direct effects and by a reduction in the percentage of breast cancer stem cells within the cancer cell population. SLFN12 also appears to induce MDA-MB-231 cancer cell line differentiation, as indicated by increased E-cadherin and decreased vimentin expression. Vimentin has been reported to promote proliferation, invasion and mesenchymal status in MDA-MB-231 cells [39] , and is upregulated and associated with poor prognosis in TNBC [8] . Downregulating vimentin reduces the proliferation, invasion, and mesenchymal characteristics of MDA-MB-231 cells [40] . Thus, the reduction of vimentin caused by exogenous SLFN12 could have contributed to the reduced proliferation, invasion and induced differentiation in MDA-MB-231 cells after SLFN12 overexpression. Exogenous SLFN12 also increased E-cadherin expression. E-cadherin inactivation is associated with poor prognosis in TNBC [41] . E-cadherin expression in MDA-BM-231 cells is both epigenetically reduced by hypermethylation and transcriptionally silenced [31] , such loss of E-cadherin increases the invasiveness of these cells as the exogenous expression of E-cadherin in MDA-MB-231 cells reduces their metastatic potential and invasiveness while reestablishing epithelial polarity [42] . This would all be consistent with a model in which the increase in increased E-cadherin levels in response to SLFN12 also reduces the aggressiveness of MDA-MB-231. These results are consistent with a previous observation that SLFN12 increases E-cadherin protein levels in LNCaP prostate cancer cells [13] , but extends these results to demonstrate an effect of SLFN12 on E-cadherin promoter activity and mRNA levels, which indicates a strong positive effect of SLFN12 on E-cadherin expression even when the gene is presumptively silenced.
Exogenous SLFN12 reduced the CD44 + CD24subpopulation within the overall population of MDA-MB-231 cells. SLFN12 overexpression in a specifically sorted CD44 + CD24subpopulation demonstrated that this was indeed a direct effect on breast cancer stem cells that induced BCSC to shift into a differentiated non-BCSC population [28, 43] . The effect of SLFN12 on breast cancer stem cells was further reinforced by the observation that SLFN12 reduced mammosphere formation and sizes, established functional assays of stem cell capability [23] . The AdSLFN12 differentiating effect on BCSCs was accompanied by an alteration in cell cycle of the sorted BCSCs. AdSLFN12 caused more of the sorted CD44 + CD24cells to shift into subG0/G1 phase, suggesting that Schlafen12 renders BCSCs cells more prone to apoptotic processes [44] while less cells progressed to the G2/M phase consistent with our observations of decreased cell proliferation and smaller size mammospheres in response to Schlafen12 overexpression.
Our results extend a previous observation that the murine slfn3 may reduce CD44 + CD24cancer stem cells in FOLFOX-resistant colon cancer cells [45] in that we have studied the human SLFN12 here rather than expressing the 40% homologous rodent slfn3 in human cells. Moreover, our results suggest a mechanism for the SLFN12 activity, which appears to occur at least in part by post-transcriptional downregulation of key transcription factors such as ZEB1 and Slug, each of which are known to be highly expressed in cancer stem cells [46, 47] and have been shown to regulate both stem cell biology and EMT [6, 8, 32, 48] . Furthermore, our flow sorting experiment demonstrates that SLFN12 acts directly upon TNBC cancer stem cells rather than exerting its effect by killing non-stem cells, inducing a secondary differentiation of the stem cells to replenish the non-stem cell compartment. A different study [16] has suggested that SLFN12 might induce intestinal epithelial differentiation by regulating deubiquitylation of the transcription factor cdx2 [16] , but in our experiments cdx2 protein levels in MDA-MB-231 cells were not changed with exogenous SLFN12 (not shown). In contrast, we found that SLFN12 overexpression modulated ZEB1 protein levels in a post-transcriptional fashion in TNBC cell lines.
SLFN12 reduced both ZEB1 and Slug proteins through posttranscriptional regulation. The opposite effect on Snail protein would be consistent with a compensatory effect due to the loss of both ZEB1 and Slug, as Snail is an upstream regulator of ZEB1 [49] . ZEB1 knockdown has been reported to reduce cell proliferation, and tumor size in nude mice [50] . Posttranslational regulation of ZEB1 has been shown to modulate the cancer cell aggressiveness [7, 51] . Thus, these studies delineate a mechanism whereby the cytosolic intermediate SLFN12, lacking both a nuclear targeting sequence and the DNA-binding domain of the long SLFNs, can nevertheless strongly modulate differentiation by a different mechanism than that of the long SLFNs.
Conclusion
SLFN12 expression is prognostic for TNBC patients. SLFN12 reduces TNBC cell aggressiveness by reducing proliferation, and invasion, and by differentiating breast cancer stem cells. This effect is mediated at least in part by post-transcriptional regulation of ZEB1, a critical regulator of EMT and breast cancer stem cell differentiation. Schlafen12 may therefore be an important future target for TNBC therapy.
